Vibrational studies of amino acids experimentally and theoretically have been performed. The Semi-empirical methods optimization by PM6 and RM1 on the l-and d-amino acids (alanine, phenylalanine, aspartic and glutamic acid), showed no difference in energy between l-and d-isomers. The vibrational frequencies were calculated by semi-emprical methods (PM6 and RM1) and ab initio methods (B3LYP/6-31+G(d) and were scaled down by factors of 0.925 (RM1), 1.09 (PM6) and 0.89 (B3LYP/6-31+G(d)). The calculated and experimental vibrational frequencies have shown good general agreement.
INTRODUCTION
Amino acids are the molecular building blocks of peptides and proteins. The unit structure adopted by amino acids, on condensation into larger molecules, effectively determines their secondary structure in crystalline samples.
Amino acid molecules have a zwitterionic structure when they are in the liquid or solid phase. Indeed these two cases allow hydrogen bonds to be formed, stabilizing the ionic conformation R-CH(COOˉ)NH 3+ . On the Contrary, the intermolecular bonds are not present in the gas phase and these molecules have a non-zwitterionic structure R-CH(COOH)NH 2 . This has been confirmed by experimental studies of the amino acids glycine [1] [2] [3] and alanine [4] . There are two long-standing problems encountered in the study of zwitterionic amino acids by infrared (IR) absorption spectroscopy and ab initio molecular orbital methods. The first concerns the inability of standard ab initio molecular orbital calculations (for isolated molecules) to provide optimized structures for the monomeric zwitterionic forms of the amino acids. A number of molecular orbital studies (self-consistent field (SCF) methods) [5] [6] [7] have shown that the zwitterionic amino acids do not exist in the gas phase, as isolated monomers. This conclusion has been confirmed experimentally by matrix isolation (MI) studies [8] [9] [10] , a technique in which the amino acids are first vaporized, then trapped and isolated in inert gas matrices at very low temperatures. The MI infrared spectra clearly show that amino acids are present in un-ionized neutral forms after evaporation. For the monomers, the structure optimizations started at the zwitterionic forms, with large basis sets, always converge to the un-ionized neutral molecules. For some smaller basis sets (e.g. 6-31G(d)), convergence to structures with strong intramolecular hydrogen bonding is obtained. These are not expected to be real structures but occur as a consequence of the relatively low theoretical level of the calculations.
The second problem concerns the measurement of IR absorption spectra of monomers of the amino acids in their zwitterionic forms. In the gas phase the amino acids occur in their un-ionized forms. The zwitterions have to be stabilized by their local environment. This is achieved in polar solutions and in the solid state. Measurement of the IR absorption spectra of the solid (KBr pellet), and solution are not of the monomer but of tiny crystals in the case of KBr pellets, and of strong solute-solvent hydrogen bonding in the case of aqueous solutions.
Thus, with the existing standard sampling techniques IR absorption spectra can only be measured when the zwitterions are strongly perturbed, either by neighbouring zwitterions (crystals in KBr pellets), or in solution (strong H-bonding). Other traditional methods involving evaporation of sample (such as MI, molecular beam and gas phase) to obtain monomeric spectra are essentially inapplicable to studying zwitterionic amino acids because of the structural transformation, from zwitterionic to neutral un-ionized form.
To carry out meaningful calculations on the zwitterionic forms of the amino acids, either solvation effects or specific intermolecular interactions must be included. Calculations including specific intermolecular interactions are usually impracticable, because of the number of molecules (large multimers or clusters) that must be included in the computation. However, the inclusion of a general solvation effect in the calculations can be readily undertaken. Self-consistent reaction field (SCRF) methods [11] , which are implemented in Gaussian packages include the solvation effect. These methods model the solvent as a continuum of uniform dielectric constant (), the reaction field, which can interact with the solute molecules and lead to net stabilization. It should be noted that the solvent used in SCRF calculations is restricted to non-aqueous system [11] , because as pointed out by Foresman, where intermolecular interactions are relatively large the continuum model is inappropriate, and specific interactions have also to be included. For aqueous solutions this would require the inclusion of a shell of water molecules inside the cavity in addition to the solute [12] . It was established for glycine in aqueous solution, two water molecules are sufficient to stabilize the glycine zwitterions [13] .
Therefore, the use of the continuum model in which no specific intermolecular interactions are included in the calculations excludes comparison with the spectra of aqueous solution and crystal. Moreover, the IR and Raman spectra of amino acids in aqueous solution are usually broad, overlapped or incomplete as a result of strong solvent absorption and solute-solvent interaction. Even in the event that appropriately calculated spectra could be obtained, satisfactory and complete comparisons would be difficult to establish.
Motivated by the need to solve the above problems of (i) measuring the absorption spectra of monomers of zwitterions of amino acids and (ii) undertaking appropriate ab initio calculations; Jensen, J. H. and Gordon, M. S. have developed and optimized new IR sampling technique, and have carried out non-aqueous SCRF molecular orbital calculations. The IR absorption spectra of glycine [14] and alanine [15] have previously been measured with this technique, and the SCRF calculated spectra for these zwitterions were shown to be in good agreement with the measured spectra.
L-alanine is the smallest naturally occurring chiral amino acid. The assignment of its fundamental vibrations is of importance in modeling amino acids and the nature of the mechanism of their inversion.
The vibrational spectra of αand β-alanine molecules in both zwitterionic and neutral forms are studied by FT-IR, Raman and MI-IR spectroscopy with the aid of results from theoretical SCF-MO ab initio calculations. The spectroscopic data obtained under the various experimental conditions (crystalline phase; low temperature matrix isolated molecules) made it possible to undertake a detailed assignment of the vibration frequencies [16] .
The infrared spectra of two conformers of the nonionized alanine have been analyzed and assigned using DFT/B3LYP/aug-cc-pVDZ and MP2/aug-cc-pVDZ for geometry and frequency theoretical calculations. These methods yields vibrational frequencies in excellent agreement with experimental data [17] .
The infrared spectra of the alanine molecule also have been studied in solid as well as in aqueous solution [18] . The vibration frequencies for the fundamental modes of alanine in neutral and zwitterionic form have been calculated using AM1, RHF, and DFT method with different basis sets [18] . RHF/6-31G, DFT/6-31G, 6-31+G* and 6-311++G** calculations for vibrational frequencies of both l-and d-alanine and zwitterionic alanine (zala) have been performed in both gas phase and in aqueous solution [18] .
It was concluded that while there is no significant difference between the corresponding frequencies of l-and d-alanine in gas phase, the situation is not the same for zala and alanine in water [18] . A solvation model (PCM) for neutral alanine and zala at DFT/6-31+G* and 6-311++G** level has also been performed. Gas phase and salvation using Polarized Continuum (PCM) model calculations for alanine and zala reveal that neutral alanine is more stable in gas phase while the reverse is true in aqueous medium. A comparison between the experimentally observed IR spectra of alanine in solid and water solution does not show much variation in corresponding frequencies but theoretically some differences are predicted.
The infrared spectra of l-aspartic acid, l-aspartic-d4 acid, and l-aspartic- 15 N acid as solid samples [19] data was used to propose a general assignment of the fundamental modes in the basis of the isotopic shifts measured.
The infrared spectrum and molecular structure of zwitterionic l-β-phenylalanine were studied by means of matrix isolation method and ab initio molecular orbital calculation. The self-consistent reaction field calculations at HF/6-(311G(d,p)) level were carried out on zwitterionic phenylalanine present in a continuum of KBr. Good agreement in the terms of both frequencies and intensities was found between the calculated and observed full mid-IR spectra [20] .
The Fourier transform infrared spectra of the grown l-phenylalanine crystals were recorded in the frequency region 450 cm -1 -4000 cm -1 [21] , the recorded FTIR spectra was compared with the standard spectra of the functional groups. The presence of all the functional groups occurring in l-phenylalanine was confirmed.
The MNDO-scaled harmonic force field of glutamic acid was obtained in the space of a set of non-redundant local-symmetrized internal coordinates [22] by a set of scaling factors transferred from aspartic acid. The theoretical vibration frequencies for the fundamentals were successfully compared with the observed values, and the frequencies of the 15 N and d 4 isotopic derivatives were also calculated and compared with the experiments [22] . These results and the description of the normal modes followed by means of the potential energy distribution, agree with the previous assignments proposed for most of the observed bands, showing an extensive coupling among the bending and skeletal stretching coordinates [22] .
The molecular structure of glutamic acid in the non-zwitterionic form has been optimized by using the semiempirical (MNDO, AM1) methods and ab initio calculation at the 4-31G level [23] . The results were compared with previous reported data for other amino acids. The ab initio optimized structure was used as the starting point for a further force field calculation, and vibration frequencies and theoretical assignments were thus obtained. In order to compare these results with experiments, the FT-IR spectrum of glutamic acid in an argon matrix was recorded and the measured frequencies were successfully compared with theoretical values, which were previously scaled by using a set of scaling factors [23] .
According to the reasons mentioned above in the introduction, most molecular orbital calculations on amino acids are performed on the un-ionized species. In this work we calculated the IR spectra of our amino acids in the non-zwitterionic form using semiempirical and ab initio force field calculations, and compared the results with experimental spectra.
METHODS OF CALCULATION

1. Semiemprical Methods
The Semi empirical computational methods RM1and PM6 were used as implemented in MOPAC2007 package, on a personal computer. In this procedure, we first searched for the energy minima on the potential energy surface of the selected amino acids (l-alanine, lphenylalanine, l-aspartic and l-glutamic acid). The molecular structures corresponding to the global minima in the potential energy surface for the non-zwitterionic amino acids were predicted in the four cases starting from a structure with standard parameters, which were optimized simultaneously employing very restricted convergence criteria in the last steps of the computations.
The optimized RM1 and PM6 geometries were used as the reference geometry to calculate the vibrational frequencies of the amino acids (l-alanine, l-phenylalanine, l-aspartic and l-glutamic acid). It is possible to find a local minimum of the potential energy surface of the amino acids, where all the calculated frequencies were positive, thus allowing the comparison with experimental results. A scaling factor of 0.925 for RM1 common to all frequencies is used to adjust the theoretical frequencies before it was compared with experimental [24] , and 1.09 factor was used for PM6.
Ab initio Methods
The ab initio molecular orbital calculations were carried out employing the Gaussian 03 program. In this procedure we first searched for the energy minima on the potential energy surface of the amino acids corresponding to the lowest energy conformer and then calculated infrared frequencies using harmonic approximations. Initially, geometry was optimized using Hartee-Fock level of theory with 6-31+G(d) basis set (RHF/6-31+G(d)) and less effective methods of Density Functional Theory (DFT) at B3LYP/6-31+G(d) which consider electron correlations with three-parameters hybrid functions combined with the Lee,Yang and Parr-Correlation function [25] . The optimized geometry of amino acids (l-alanine, l-phenylalanine, l-aspartic and l-glutamic acid) was used to calculate the vibrational frequencies. The calculated frequencies values were scaled down by a single factor of 0.89 before it were compared with experimental data.
EXPERIMENTAL
The FTIR spectra of l -amino acids (alanine, phenylalanine, aspartic and glutamic acid) were recorded with the Fourier Transform Infrared spectrometer model 8400 S, in the frequency region 400-4000 cm -1 . Samples in the solid states were measured in KBr matrix. Pellets were obtained with a hydraulic press.
RESULTS AND DISCUSSION
Taking into account the geometries of l-and d-amino acids (alanine, phenylalanine, aspartic and glutamic acid), no difference in energy minima was observed for the two isomers by semiempirical methods (RM1 and PM6), see Table (1) The optimized semiempirical RM1, PM6 and ab initio B3LYP/6-31+G(d) geometries were used as starting point to carry force field calculations for non-zwitterionic, l-alanine, lphenylalanine, l-aspartic and l-glutamic acid. To minimize the systematic errors of these calculations, scaling factors of 0.89, 0.925 and 1.09 were applied for ab initio, RM1 and PM6 respectively. In Tables 2-5, we have listed the scaled calculated vibrational frequencies of non-zwitterionic, l-alanine, l-phenylalanine, l-aspartic and l-glutamic acid respectively. We have also proposed assignments for the observed frequencies.
1. Assignment of l-alanine
The non-zwitterionic structure of l-alanine is shown in Figure 2 . The assignment for calculated vibrational frequencies and those observed in the IR spectra are shown in Table 2 . The calculated and experimental vibrational frequencies show a good general agreement. The frequencies observed at 3099 cm -1 is assigned to the asymmetric NH stretching mode. The corresponding theoretical values at B3LYP/6-31+G(d), RM1 and the PM6 level are 3310 cm -1 , 3085 cm -1 and 3082 cm -1 , respectively, literature work at 3389 cm -1 (ab initio [18] ), 3085 cm -1 (AM1 [18] ), which shows semi-empirical methods give closed value to the experimental methods than ab initio.
The peak calculated at 3167 cm -1 , 3071 cm -1 and 3041 cm -1 having no counterpart in the IR spectrum refers to the CH stretching mode. The peak observed at 2926 cm -1 in the IR is attributed to the asymmetric CH stretching in the CH 3 group, since the corresponding theoretical values are 3096 cm -1 , 3065 cm -1 and 3035 cm -1 for ab initio, RM1 and PM6 respectively, in the literature 2898 cm -1 by ab initio [18] and 2758 cm -1 for Am1 [18] .
The peak observed at 2604 cm -1 in the IR spectrum is assigned to the NH stretching in the NH 3 group. The corresponding calculated frequencies are 2691 cm -1 , 2633 cm -1 and 2748 cm -1 by ab initio, RM1 and PM6 repectively. The frequency of 2631 cm -1 was calculated by ab initio [18] .
The calculated peaks at 1643 cm -1 , 1809 cm -1 and 1979 cm -1 for the asym. COOˉ stretching coupled with a NH bending mode, does not appear in the IR spectrum. Barthes et. al. [26] have reported this frequency at 1630 cm -1 in IR spectrum. The peak at 1595 cm -1 in the IR spectrum is assigned to the NH 2 scissoring mode, according to calculated values at 1522 cm -1 , 1514 cm -1 and 1755 cm -1 .
The calculation of this peak was reported at 1620 cm -1 (ab initio [18] ) and 1464 cm -1 (Am1 [18] ). Other vibrations in the finger print region (400-1354 cm -1 ) and the corresponding calculated frequencies by ab initio, RM1 and PM6 are listed in Table 2 . 
2. Assignment of l-Phenylalanine
The Non-zwitterionic structure of l-phenly-alanine is shown in Figure 3 . The assignment for calculated frequencies and those observed in the IR spectra are shown in Table  2 . The characteristic bands at 3436 cm -1 due to NH asymmetric stretching, confirmed the existence of amino group, the corresponding calculated IR spectrum are 3187 cm -1 , 3083 cm -1 and 3084 cm -1 at B3LYP/6-31+G(d), RM1 and PM6 respectively, the same peak at 3150 cm -1 was predicted by SCRF calculation [20] and assigned to NH asymmetric stretching frequency.
The peak calculated at 3106 cm -1 , 3065 cm -1 and 3040 cm -1 not appearing in the experimental IR spectrum are for the NH symmetric stretching, the peak may have disappeared because of H-bonding.
The band at 3028 cm -1 establishes the presence of CH 2 asymmetric stretching, as the corresponding theoretical values of this work at 3030 cm -1 , 3009 cm -1 and 3016 cm -1 , and calculated by SCRF at 3001 cm -1 [20] are very near.
The peak at 2918 cm -1 is assigned to CH stretching in the phenyl ring, since the corresponding calculated values are at 2854 cm -1 , 2847 cm -1 and 3006 cm -1 by B3LYP/6-31+G(d), RM1 and PM6 respectively, the calculation of this band in the literature is 2996 cm -1 by ab initio (SCRF) [20] .
The calculated values at 2843 cm -1 , 2835 cm -1 , 2821 cm -1 , 2818 cm -1 at B3LYP/6-31+G(d), 2836 cm -1 , 2831 cm -1 , 2824 cm -1 , 2821 cm -1 at RM1, and 3002 cm -1 , 2997 cm -1 , 2992 cm -1 , 2983 cm -1 at PM6 also are for the CH stretchings in phenyl ring which are not observed in IR experimental spectrum.
The bands calculated at 2759 cm -1 , 2776 cm -1 and 2907 cm -1 are assigned to CH stretching, since the corresponding band in the literature calculated by ab initio (SCRF) [20] is at 2930 cm -1 .
The peaks calculated at 2723 cm -1 , 2706 cm -1 by B3LYP/6-31+G(d), at 2717 cm -1 , 2628 cm -1 by RM1 and at 2889 cm -1 , 2711 cm -1 by PM6 for the asymmetric CH 2 stretching and symmetric CH 2 stretching respectively, are not experimentally observed.
The band observed at 1683 cm -1 is assigned to COOˉ asymmetric stretching, since the corresponding theoretical values are 1637 cm -1 , 1809 cm -1 and 1688 cm -1 by ab initio, RM1 and PM6 respectively. Assignments of other vibrations from 1600-300 cm -1 are listed in Table  3 . 
3. Assignment of l-Aspartic Acid
The Non-zwitterionic structure of l-aspartic acid is shown in Figure 4 . The calculated frequencies and the observed in the IR spectra are shown in Table 4 . The calculated and experimental vibrational frequencies show a reasonable general agreement. The characteristic bands at 3420 cm -1 and 3250 cm -1 due to OH stretching, have the corresponding calculated IR spectrum at 3280 cm -1 ,3275 cm -1 at B3LYP/6-31+G(d), 3090 cm -1 , 3079 cm -1 at RM1, and 3058 cm -1 , 3018 cm -1 at PM6 respectively.
The calculated IR spectra of OH stretching in the literature is at 3481 cm -1 by B3lyp/3-21G [27] . The peak appearing at 3141 cm -1 , 3011 cm -1 in observed IR spectrum is assigned to the NH asymmetric and symmetric stretching, since the corresponding calculated IR spectrum are 3189 cm -1 , 3114 cm -1 at B3LYP/6-31+G(d), 3017 cm -1 , 3016 cm -1 at RM1, and 2966 cm -1 , 2887 cm -1 at PM6 respectively. The corresponding spectrum of NH in the literature is 3400 cm -1 by B3lyp/3-21G [27] .
The bands at 2942 cm -1 , 2853 cm -1 establish the presence of CH asymmetric stretching in the CH 2 , as the corresponding theoretical values at 2775 cm -1 , 2738 cm -1 at B3LYP/6-31+G(d), 2764 cm -1 , 2709 cm -1 at RM1, and 2865 cm -1 , 2771 cm -1 at PM6, and in the literature the peak assigned at 3103 cm -1 by ab initio [27] . The peak at 1620 cm -1 is assigned to C=O asymmetric stretching, the corresponding calculated values are at 1607 cm -1 , 1826 and 1821 cm -1 respectively. In the literature C=O asymmetric stretching is calculated at 1764 cm -1 by ab initio [27] . 
Assignment of l-Glutamic Acid
The Non-zwitterionic structure of l-glutamic acid is shown in Figure 5 . The calculated frequencies and those observed in the IR spectra are shown in Table 5 . There is a little increase in frequency value in the high-frequencies region between 2700-2900 cm -1 , between experimental and calculated by ab initio and RM1 but in the case of PM6 it is reasonable, i.e the CH 2 symmetric and asymmetric stretching frequencies bands observed at 2974 cm -1 , 2965 cm -1 and 2935 cm -1 , while the corresponding calculated frequencies by ab initio and semiempirical RM1 methods are 2770 cm -1 , 2758 cm -1 , 2736 cm -1 and 2774 cm -1 , 2763 cm -1 , 2710 cm -1 respectively.
The same calculated peaks by PM6 are at 2904 cm -1 , 2884 cm -1 and 2876 cm -1 . The calculated CH 2 spectra in the literature by ab initio 4-31G is 2972 cm -1 [23] . The peak observed at 1781 cm -1 is assigned to C=O stretching frequency, the calculated frequencies are 1610 cm -1 , 1820 cm -1 and 1806 cm -1 by ab initio, RM1 and PM6. The calculated one in the literature is assigned at 1765 cm -1 by ab initio 4-31G [23] . There is also rise in the frequency value in IR bands in the case of semiempirical RM1 and PM6 methods in frequencies region 700-1000 cm -1 when compared with experimental ones. The other assignments are show in Table 5 . The only explanation of the departure of experimental values from calculated values is a possible intramolecular hydrogen bonding forming a cyclic structure, a situation not considered in theory. 
CONCLUSION
Assignments of amino acids experimentally and theoretically have been performed. New parameters of semi-empirical methods in MOPAC2007 MP6 and RM1 are used. Comparison of scaled theoretical and experimental vibrationa frequencies exhibit good correlation confirming the reliability of the method employed here.
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